The Staphylococcus aureus strain known as Staph. Oxford (NCTC 6571) produces, in any one mutational step towards penicillin resistance, a number of mutants, differing by various characteristics. One of these characteristics is the degree of penicillin resistance. The most resistant first-step mutant is about five times more resistant than the least resistant one. As such mutants are picked up from different penicillin concentrations, according to their higher or lower resistance, the resultant cultures may appear graded by the amount of penicillin present in the medium from which they were obtained. Mutants recognizable as members of one clone, however, show the same resistance from whatever concentration of penicillin they are isolated, within the range on which their growth is possible.
0.1 ml. of an overnight broth culture, or an appropriate dilution of it, on to the surface of an agar plate and spreading over the entire surface with a glass spreader. The endeavour was made, mostly with success, to use an inoculum which would give counts of 100--300 colonies on the plates which served as controls. On penicillin plates with few ' survivors ', that is, cells able to form colonies, the probable error, arising from the small counts, is rather great. This could not be avoided in the individual experiment without making it unwieldy. But every type of experiment was put up repeatedly, with only slight variations, and it seems justifiable to draw conclusions from such results pointing in the same direction. The counts were taken after 3 days incubation at 37'. No further colonies became visible on penicillin agar after that period. Where inocula of 105 or more were used, a background of microscopic colonies was often present, but only colonies seen with the naked eye were counted. The symbols employed for the organisms of higher resistance each denote one particular mutant, not a class of mutants, the subscript being the level a t which the mutant was selected.
The question arises how best to record the degree of penicillin resistance in a culture. With small inocula complete inhibition is obtained at a much lower penicillin concentration than with large inocula. Plotting the number of ' survivors ', that is colonies, against the antibiotic concentration gives, with small inocula, a sigmoid curve corresponding to a normal distribution of resistance. Plotting the logarithms of the numbers of survivors against the logarithm of the penicillin concentration gives curves which terminate steeply over a narrow range of concentrations. For practical purposes the antibiotic concentration giving only 10% survival (i.e. 1.0 below the logarithm of the number inoculated) may be used as a measure of the resistance of the organism. It can be determined by plating from a single dilution of the inoculum with a standard deviation very little greater than the square root of the number of colonies counted.
In order to obtain true mutations for further experiments on the range of resistance of small inocula, much larger inoculations were made on plates containing concentrations of penicillin much above that completely inhibiting the growth of small inocula. The mutant strains thus isolated had their range of resistance determined by investigating the survival of small inocula, as was done for the original parent strain.
RESULTS

The steps towards penicillin resistance
Whereas the penicillin concentration for 10 yo survival of Staphylococcus aureus, strain H, was 0.027 unit/ml., the first-step resistant populations gave resistances from 0.03 to 0-15 unit/ml. These first-step resistant mutants differ not only in the degree of their penicillin resistance, but also in their colony morphology. Colonies that are morphologically alike give, as a rule, populations with the same degree of resistance. One may conclude, therefore, that they are members of a clone, or else that there are a limited Penicillin resistance 11 number of first-step mutations, each associated with a characteristic colony morphology .
Organisms of higher resistance than the first-step were obtained by culturing, in turn, a large inoculum of the first-step mutant H,.,, on to penicillin concentrations above its normal range (small inocula), and so on. After resistance to 1 unit/ml. had thus been reached, it seemed impossible to obtain mutants of still higher resistance by the same method. Although large inocula from a culture resistant to 1 unit/ml. gave growth on agar containing 7, 8 or 9 units/ml., colonies from these plates, subcultured into broth and tested for penicillin resistance, showed only the same degree of resistance as the culture from which they had been derived; or, if they had a slightly higher resistance, it was lost after a couple of subcultures on penicillin-free medium. However, when the culture resistant to 1 unit/ml. was inoculated into nutrient broth containing 10 unitslml., growth appeared after 3 days' incubation, and this on subculture proved resistant to 15 unitslml. It was the same phage type as the original and, therefore, unlikely to be a contaminant. The consecutive steps of resistant mutants, isolated from the first-step mutant HO.lS, had their 10% survival a t 0.3, 1 and 15 unitslml., respectively (Fig. 1 ). These are roughly of the same order of magnitude as Demerec recorded for Staphylococcus uureus NLLR. As the mutants of any one step are not identical, one could probably reach the highest resistance by more steps and also by less, but in the present investigation, as also in Demerec's experiments, only one such series was built up.
The distribution of penicillin resistance i n a population There are considerable differences in the distribution of drug resistance in different strains. first-step resistant mutants on graded penicillin concentrations. The peculiarities of each strain, with regard to both its level of penicillin sensitivity and the angle at which the curve of survivors descends, remained roughly constant through several subcultures. The break in the curve marked by open circles, however, may not be significant, as the actual counts are rather small numbers at this point.
The frequency of mutation
For the original Staph. H, the smallest inoculum of an overnight broth culture which contained resistant mutants was about 40,000. I n this relatively small inoculum only one type of mutant was found with sufficient frequency to IP: 54.70.40.11
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Penici 1 lin resistance 13 be picked out regularly. This mutant was deeply pigmented, with a resistance only slightly above that of Staph. H. Non-pigmented mutants were less frequent, being hardly ever found in inocula below lo5.
The 'grading ' of penicillin resistance in relation to the concentration of antibiotic on which the growth has taken place Eagle, Fleischmann & Levy (1952) found that colonies obtained from plates which contained graded concentrations of an antibiotic presented a continuous spectrum of stable resistances, with no evidence of a step-like process. If large inocula of lo6 or more were used-Eagle et al. used 5 x 107-this grading could indeed be observed (Table 1 ). If, on the other hand, one used an inoculum 
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of a size unlikely to contain mutants, organisms from penicillin plates were no more resistant than the original culture (Table 2) . From large inocula on low penicillin concentrations one could isolate both normal ' overlaps ', that is colonies giving cultures no more resistant than the parent strain, and mutants, as a comparison of the two colonies from 0-027 unit/ml., used in the experiments of Tables 1 and 2 respectively, shows. But even penicillin concentrations that are barely inhibitory if tested with small inocula, exercise a considerable selective influence in large ones. The colonies 0.027, and 0.025, were, with a few dozen others, marked on the plates after 1 day incubation. Being resistant mutants and, therefore, able to start growth relatively early, they appropriated the field, thereby reducing the chances for the normal overlaps, of which just a few hundreds had grown up by the third day. The culture 0.027, employed in the experiment of Table 1 had been derived from such a late colony, which was an overlap of the normal population of Staph. H.
It was thought possible that, in any one mutant, the actual degree of resistance might be influenced by the concentration of penicillin with which the organisms had been in contact. To test this, organisms that were members of the same mutant clone, but grown on different penicillin concentrations, had to be examined. Unfortunately, in most instances the colony morphology of organisms on different penicillin concentrations may not allow the recognition of members of the same clone. The exception is the pigmented mutant which turns up with great regularity and stands out well. Staph. H was inoculated-inoculum 1Os-on to a series of penicillin plates; on 0.025 unitlml. seven yellow colonies grew up amongst various others, on 0.027 unit/ml. five and on 0.03 unitlml. two. One yellow colony from each of these concentrations was picked into broth and the resulting cultures tested for penicillin sensitivity. They were all a small but definite step more resistant than the original Staph. H. Although the three yellow colonies had grown on different concentrations of penicillin, the broth cultures derived from them were exactly alike in their penicillin sensitivity (Table 3) . The drug resistance in populations grown i.n low drug concentrations Small inocula, unlikely to contain mutants, were plated on sub-inhibitory or slightly inhibitory concentrations of penicillin. Colonies from these plates were picked into broth, and the resulting populations examined for distribution of penicillin resistance. Colonies that had grown for 1, 2, 3 and 4 days respec- Penicillin resistance 15 tively on a plate containing 0.027 unitlrnl. gave precisely the same curves for survivors as the original culture ( Table 4 ). As all the colonies had been picked into broth without penicillin, and the survivor curve determined on the broth culture population, it was thought possible that during growth in the penicillinfree medium a culture with a higher resistance might revert to the original level. Therefore, another series of experiments was done, in which the colonies themselves were cut out with the underlying agar, suspended in broth, and tested directly for penicillin resistance. Some colonies were tested after subculturing on penicillin agar from single colonies daily for 4 days. The penicillin concentrations of the plates were 0.02, 0.025 and 0.03 unit/nil. respectively. No displacement of the mode towards higher drug concentrations was ever encountered. 
The results were entirely different if small inocula were grown in subinhibitory concentrations of penicillin incorporated into broth instead of agar. With or without repeated subculture, these populations showed a marked increase in resistance ( Table 5 ) .
A . Mayr-Harting
Pigmentation and drug resistance While Staph. H is almost completely white, deeply pigmented mutants can easily be obtained from an inoculum of the order of lo4 and, as they possess a slight but clearcut higher resistance to penicillin, they can be selected on media containing penicillin just slightly inhibitory for the original culture. They were obtained on numerous occasions by growing a small inoculurn of Staph. H, from a one-colony isolation, in broth with 0.025 unit/ml.; but also by plating an inoculum of appropriate size on penicillin agar.
Not with the same regularity, but still on several occasions, colonies of a lesser degree of pigmentation and a resistance to penicillin intermediate between that of Staph. H and the deeply pigmented mutant were observed ( The deeply pigmented variants were not due to the same mutational process on every occasion. The normal, most frequently obtained, mutant was rather stable with regard to both pigmentation and penicillin resistance, and threw off white, penicillin-sensitive, back mutants. But on one occasion a pigmented mutant was observed which reverted to penicillin sensitivity within a few subcultures on penicillin-free medium, without losing its pigmentation; and on another occasion a yellow colony, picked into broth and subcultured from the broth culture on to penicillin-free agar, gave rise to colonies showing a range of yellows with a parallel range of penicillin resistances.
T h e growth rate of drug-resistant organisms
When both the original culture and some more resistant variant were plated on nutrient agar, it often took a longer time for the resistant strain to form visible colonies. The growth rate of several of these mutants in nutrient broth was, therefore, determined. About lo4 organisms of an overnight broth culture were inoculated into 10 ml. broth in tubes of 1 in. diameter, and incubated at 37". 0.1 ml. of these cultures, or of appropriate dilutions, was plated at intervals. Penicillin resistance 17 With a few exceptions like H0.16, which had the same growth rate as the original Staph. H, the resistant mutants were found to have a longer lag phase and sometimes also a longer generation time than the original strain. Moreover, their maximal viable population usually remained somewhat below that of Staph. H. Fig. 3 gives the growth rates of Staph. H and several mutants in penicillin-free broth. It also shows that the growth rate of a mutant is, in general, lower, the higher its penicillin resistance. The growth rate in the presence of penicillin It was to be expected that penicillin in slightly inhibitory concentrations might influence the growth rate of sensitive organisms, but it was rather surprising to find that the growth rate of mutants of every degree of resistance was markedly lowered in the presence of sub-lethal concentrations of the drug. In these experiments also the inoculum was from an overnight broth culture. About lo4 organisms were inoculated into 10 ml. nutrient broth to which penicillin had been added, and incubated at 37". 0.1 ml. of these cultures or appropriate dilutions were plated at intervals. For Hlo, for instance, the number of viable organisms was diminished at 15 units/ml., but the growth rate was affected by 0.1 unitlml. (Fig. 4) . This reduced growth rate was mainly due to a prolongation of the lag phase, 0.1 unit prolonged it by about 1 hr. to 7 hr., with 1 unit/ml. it was 9 hr., and with 10 units/ml. 11 hr. In fact, one might be inclined to classify penicillin as a bacteriostatic agent. A similar experiment, in which about 100 organisms of the mutant H,, were inoculated on to agar containing sub-lethal concentrations of penicillin, showed that, while there was no decrease in numbers of colony-forming survivors on agar containing 10 units/ml., the size of the colonies produced was markedly diminished even on 1 unit/ml. agar. The photographs of P1. 1, fig. 1 , were taken after 3 days incubation, but the colonies shown in P1. 1, fig. 1b ,c, never grew up to normal size, even after several more days incubation.
It was further found that mutants of the same step, with approximately the same degree of resistance to penicillin, and the same growth rate on penicillinfree media, might have entirely different growth rates in the presence of penicillin. The growth rate in the presence of penicillin was as much a differentiating characteristic between mutant strains as the resistance itself, and perhaps even a finer one. Differences in growth rate and/or lag were readily detected by the size of the colonies on agar ( Table 7) , but they showed clearly also in broth.
Autolytic phenomena
Staph. H and all its variants, if subcultured on sub-inhibitory concentrations of penicillin, produce colonies that are rather transparent compared with the opaque colonies on penicillin-free agar. If such plates are left at room temperature for a couple of weeks, some colonies go completely transparent and remain so; these give no growth on subculture. Others go transparent, but then develop luxuriant opaque secondary growth; this hardly ever occupies the whole area of the lysed colony, but shows a fantastic variety of shape, size, opacity and pigmentation (Pl. 1, fig. 2) . Frequently, the centre of the colony remains lysed, while a thick opaque wall grows around the periphery. Sometimes the wall is not solid, but formed of separate papillae; or a group of secondary colonies develops in the centre of the lysed one (Pl. 1, fig. 3a,b,c) . The secondary growth can be subcultured and is composed of organisms having the same degree of resistance as the inoculum. The inocula were overnight broth cultures. Numbers represent colonies growing from equal inocula; in brackets is the average size of the colonies in mm., measured after 3 days incubation at 3 7 ' . 
DISCUSSION
Whether the acquisition of drug resistance is due predominantly to a spontaneous mutational or to a specifically induced adaptive process has been under discussion for many years, and probably will be for many more. On the whole, the observations reported here come down on the mutational side. They show that no stable increase in penicillin resistance arises from inocula too small to contain mutants, and that organisms belonging to one clone have the same penicillin resistance whatever concentration of penicillin they were grown on in the first instance. Grading of resistances in relation to the drug concentration in the medium on which the culture had been grown was observed by Eagle et al. (1952) , and interpreted as due to an adaptational mechanism. The observation itself has been confirmed in the present investigation, but has to be interpreted as due to the multiplicity of kinds of mutants. Now and then, however, events occur which present a curious mixture of step-wise and gradual changes, as, for instance, the step-wise mutational acquisition of both pigmentation and penicillin resistance, and the continuous graded return to sensitivity and lack of pigmentation, observed on one occasion.
Demerec (1948) noted that, whereas the first steps towards penicillin resistance were always small, the degree of streptomycin resistance acquired in the first step might differ considerably. Welsch (1952) established that, for staphylococci in the process of becoming streptomycin resistant, the differences between the resistance levels of different first-step mutants were 50-to 100-fold. In the investigation here presented the first-step mutants to penicillin resistance differ in a similar way, though to a much lesser extent. 
A . M a yr -Hurting
All these mutants have clear-cut individualities of their own, relating not only to the penicillin concentration a t which the greatest number of their population is killed, but also to the frequency with which they arise, to their growth rate with and without penicillin, to the phenotypic distribution of penicillin resistance in their populations and, sometimes, to their colony morphology.
Of these, the phenotypic distribution of penicillin resistance has, so far, received hardly any attention. Collard (1953) noted that, as resistance developed, the modal value of sensitivity moved towards higher drug concentrations, and the scatter about the mode increased. This increased scatter, however, appears only in graphs where a semilogarithmic scale is used. If drug concentrations as well as survivor numbers, are recorded on a logarithmic scale, the most highly resistant organisms may have a smaller or a larger scatter than the original strain.
Yudkin (1953) formulated a theory of ' clonal variation'. According to this theory an organism phenotypically more resistant than the organisms occupying the modal point of the distribution curve will produce a clone with the mode situated a t the penicillin concentration to which this organism is resistant. If this were true, accidental and phenotypical characteristics could be inherited, which is contradictory to common experience in other biological fields.
At least for penicillin sensitivity, the staphylococci follow the recognized statistical pattern, and the members of the population, phenotypically more resistant than the mode, produce clones with the mode in the same place as the original strain. Only mutants show the displacement of the mode and Yudkin's experiments can be explained on the assumption that what he really dealt with were mutants.
Gibson & Gibson (1951), working with Escherichia coli and streptomycin, obtained a 10-fold increase in resistance by subculturing repeatedly in a synthetic fluid medium containing 2.5 pg. streptomycinlml. They interpreted this result as adaptation. Also in my experiments the ready increase in resistance could be observed on subculture in fluid medium containing the drug, but not if the drug was incorporated into agar. As there seemed no reason why the organisms should be capable of adaptation in fluid but not on solid medium, another explanation was looked for. Welsch (1952) introduced the concept of an equilibrium in a large population between the resistant mutants and the organisms of the original stock. Sub-inhibitory drug concentrations disturb this equilibrium in favour of the mutants. It is clear that such a mechanism would have a far better scope to operate in fluid medium with its 'redistributed ' population than on solid.
The pigmentation of slightly resistant mutants is not confined to penicillin resistance, but has been observed also in connexion with a low-grade sulphonamide resistance. It has often been emphasized that penicillin resistance and sulphonamide resistance occur independently. One of the pigmented mutants obtained on penicillin agar was, therefore, compared with the Staph. H in respect of sulphonamide resistance. Far from showing an increased sulphonamide resistance, it was appreciably more sensitive than the original non- Penicillin resistance 21 pigmented strain (Table 8) . One must, therefore, assume, that the pigmentation is a by-product of the cell metabolism, not specifically connected with the by-passing of the penicillin-blocked pathways. Fig. l a , b, c. Staph. HI, on penicillin-free nutrient agar and on agar containing 1 unitlml. and 10 units/ml. penicillin, respectively. All three plates were inoculated with the same sized inoculum of the same overnight broth culture and incubated a t 37" for 3 days. Magnification x 1.2. Fig. 2. As Fig. lc, photographed 3 weeks later. Some colonies have become very transparent, others have developed secondary opaque growth of irregular nibbled appearance.
EXPLANATION O F PLATE
Magnification about x 2.7. Fig. 3a, b , c. Autolytic colonies with secondary growth of a first-step resistant mutant, having its steepest decline of survivors at 0.06 unit/ml., grown on agar containing 0.05 unitlml. penicillin. Magnifications, x 8.4, x 5.4 and x 3.6, respectively.
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